[1] We compare the results of three baroclinic models with the aim of evaluating their skills in reproducing Mediterranean long-term sea level variability. The models are an ocean-ice coupled forced global model (ORCA), a regional forced ocean model (OM8) and a regional coupled atmosphere-ocean model (MITgcm). Model results are compared for the period 1961-2000 against hydrographic observations for water mass properties and steric sea level, and against satellite altimetry data and a reconstruction for sea level. All models represent the temperature variability of the upper layers reasonably well, but exhibit a considerable positive drift in the temperature of the deep layers due to an imbalance between the surface heat flux and the heat flux through Gibraltar. OM8 and MITgcm simulate the process of dense water formation better than ORCA thanks to their higher resolution in the model grid and in the atmospheric forcings. Concerning sea level variability, MITgcm is the only model that simulates well the inter-annual sea level variability associated with the Eastern Mediterranean Transient. However, none of the models is able to reproduce other features that have clear signatures on sea level. The inter-annual variability of Mediterranean mean sea level is better reproduced by the ORCA model because it is the only one considering the mass contribution from the Atlantic. The lack of that component in the regional models is a major shortcoming to reproduce Mediterranean sea level variability. Finally, mean sea level trends are overestimated by all models due to the spurious warming drift in the deep layers. 
Introduction
[2] The study of long-term sea level variability is usually undertaken either from tide gauge and satellite altimetry observations or from model hindcasts of the last decades. Observations provide very valuable information on sea level. However, their limited coverage in space (e.g., tide gauges) or in time (e.g., altimetry) makes difficult to understand the physical processes driving long-term sea level variability. A better understanding of such processes can be achieved by combining the more accurate information on sea level provided by observations with the more complete process information given by baroclinic models.
[3] Indeed an advantage of the models is that they provide information on different oceanographic variables, which can be used to study not only sea level variability but also the mechanisms driving such variability. However, models also suffer from some deficiencies. One of these deficiencies is that they can lead to a poor representation of the mean circulation and variability. For instance, comparisons with altimetry data [McClean et al., 1997] have shown that the POP model, with a resolution of 1/6°, captures about 60% of the altimetric sea surface height variability at global scale. Also in the Mediterranean Sea several authors Tsimplis et al., 2009] have studied sea level variability as given by regional models, finding that they perform rather poorly in reproducing sea level trends and variability, especially at mesoscale. The poor performance of the regional models found by the aforementioned authors is in part due to the fact that the analyzed models are eddy-permitting rather than eddy-resolving and, thus, they are not capable of reproducing the mesoscale.
[4] The spatial resolution is precisely a major handicap when dealing with the Mediterranean Sea, as it has a strong impact on the accuracy of convection and thermohaline circulation representation . Also, the exchanges through the Gibraltar Strait, which are a key element of the Mediterranean system, require a high spatial resolution for an accurate description [Sannino et al., 2009] . This is why global models with coarse resolution could lead to a poor representation of the main physical processes occurring in the Mediterranean Sea. On the other hand, regional models can be implemented with higher resolution, though open boundaries at which flow conditions are not known can constitute a problem to reproduce the long-term variability.
[5] A lot of efforts have been devoted during the last decade to the development of regional models aimed at reproducing the main physical processes occurring in the Mediterranean Sea with enough accuracy [Somot et al., 2006; Somot and Colin, 2008; Sannino et al., 2009; Artale et al., 2010] . Most of these works have focused on the study of water mass properties, processes of dense water formation and circulation, paying much less attention to the sea level variability inferred from the models.
[6] Mediterranean sea level variability is driven by atmospheric mechanical forcing [Gomis et al., 2008] and changes in the thermohaline properties (steric component), as well as mass variations in the long-term [Calafat et al., 2010] . The atmospheric mechanical forcing of Mediterranean sea level is reasonably well understood and characterized [see, e.g., Gomis et al., 2008] . The mass component is the most difficult one to quantify, since direct (gravimetry) observations (GRACE mission) are only available since 2002 and with a low spatial resolution (about 1000 km) (for past decades it has been indirectly inferred as non-steric sea level) [see, e.g., Calafat et al., 2010] and there is no model able to completely account for it. The mass component in the Mediterranean is mainly affected by mass redistribution in the Atlantic (e.g., due to winds) and, eventually, by the contribution of the continental ice melting. Global models are, in principle, capable of reproducing the mass redistribution but they do not account for the contribution of the ice melting. Conversely, the steric component of sea level, which induces a significant part of sea level variance (about 30% at interannual scales) [Calafat et al., 2010] , can be estimated from in situ observations or 3D baroclinic models.
[7] The steric component depends on the evolution of the water masses properties inside the basin, which in turn depends on the surface heat and freshwater fluxes, the river run-off and the exchanges through the Gibraltar and the Dardanelles straits. A key process for the steric component is the heat and salt transfer from surface to the deepest layers, which is partly controlled by convection linked to deep and intermediate water formation [Leaman and Schott, 1991; Mertens and Schott, 1998; Grignon et al., 2010] and partly by diffusion. Several authors [e.g., Vigo et al., 2005; have shown that the decadal variability of the Mediterranean sea level is related to processes such as the Eastern Mediterranean Transient (EMT) [Roether et al., 1996 [Roether et al., , 2007 . The EMT started during the eighties, when the deepest parts of the Eastern basin were filled with very dense water of Aegean origin that lifted up the older bottom waters of Adriatic origin and changed in a few years the water mass structure of the region. Hydrological observations showed that the increased dense water formation in the Aegean Sea started in 1987 and reached maximum values in 1993 . After 1995 the situation returned back to normal: the Aegean Sea returned to pre-EMT conditions, exporting small amounts of dense water that do not reach the bottom of the Ionian and the Levantine basins [Theocharis et al., 2002] while the Adriatic Sea became again the main contributor to the dense waters of the Eastern Mediterranean [Klein et al., 2000; Manca et al., 2006] . These changes in the thermohaline circulation of the basin clearly reflected on regional sea level changes such as the marked negative trends observed in the Ionian Sea and the strong positive trends observed in the Aegean Sea during the altimetric period 1993-2000 [Cazenave et al., 2001; Fenoglio-Marc, 2002; Vigo et al., 2005; Criado-Aldeanueva et al., 2008; .
[8] As commented above, long-term estimates of total and steric sea level from observations are limited by the poor sampling. Models could help to fill that gap, but their ability to reproduce the key processes must be demonstrated. Moreover, estimates of sea level evolution under future climate change scenarios also rely on numerical models, which strengthens the importance of a proper evaluation of their skills. Thus, the purpose of this paper is twofold: 1) to validate hindcasts of the Mediterranean Sea and determine the weakest and the strongest points of the simulations in reproducing sea level variability, and 2) to identify which factors have a stronger impact on the modeling of Mediterranean sea level variability and check whether their simulation can be improved to obtain more accurate sea level results. To accomplish it, we compare the outputs of three baroclinic models of the Mediterranean Sea: an ocean-ice coupled forced global model that includes the Mediterranean Sea, a regional model forced by high resolution atmospheric data and a regional atmosphere-ocean coupled model. The comparison focuses on water mass properties (temperature and salinity), water mass formation and on the derived steric and total sea level. In section 2, we describe the data sets and the preliminary processing. The outputs of the models are validated against temperature, salinity and sea level observations in section 3. In section 4 we summarize the main results and discuss the implications of these results, identifying the factors that have a stronger impact on the modeling of the Mediterranean sea level variability. Finally, in section 5 we present the main conclusions.
Data Sets

Altimetry Data Set
[9] Gridded Sea Level Anomaly (SLA) fields were collected from the merged AVISO products that are available at http://www.aviso.oceanobs.com. The AVISO regional product for the Mediterranean Sea consists of multimission (up to four satellites at a given time) gridded sea surface heights. The data span the period between November 1992 and December 2008, with a spatial resolution of 1/8°Â 1/8°a nd weekly time resolution. All the standard corrections (tides, wet/dry troposphere, ionosphere) were applied to altimetry data [Benada, 1997] . The atmospheric correction was also applied in order to minimize aliasing effects [Volkov et al., 2007] . Therefore, SLA as provided by altimetry corresponds to total sea level minus the atmospheric contribution (i.e, steric and mass components). Satellite altimetry data also require a specific correction to compensate for the Glacial Isostatic Adjustment (GIA). For the GIA satellite correction we used the ICE-5G VM2 model described in the work by Peltier [2004] .
The Reconstruction Data Set
[10] The total sea level fields used for the period 1961-2000 have been obtained from the reconstruction carried out by . That reconstruction consists of monthly 1/4°Â 1/4°gridded fields covering the Mediterranean Sea. Sea level fields are reconstructed combining spatial Empirical Orthogonal Functions (EOFs) computed from altimetry data and long tide gauge records in a reduced-space optimal interpolation scheme [Church et al., 2004] . Because model data do not include sea level variations due to the mechanical forcing of the atmospheric pressure, this has also been removed from the reconstructed fields using sea level pressure fields from the National Centers for Environmental Prediction (NCEP) [Kalnay et al., 1996] . Therefore, it is important to note that the sea level from the reconstruction accounts for both the steric and the mass components of sea level but not for the effect of the atmospheric pressure. Concerning the accuracy of the reconstruction, Calafat and Jordà [2011] have estimated a RMS error of 1.4 cm for the mean sea level.
The Hydrograhic Database
[11] The hydrographic data set used in this work was obtained by combining two hydrographic databases: the Mediterranean database MEDAR and the global Ishii database. MEDAR consists of yearly temperature and salinity fields on a 1/5°Â 1/5°grid covering the Mediterranean basin and spanning the period 1945-2002 [Rixen et al., 2005] . The vertical domain extends down to over 4000 m, with data on 25 standard levels. The gridded fields were obtained applying a variational inverse method to interpolate in situ temperature and salinity observations [Rixen et al., 2001] . It is worth noting here that, because in the MEDAR data set the annual means were computed without having removed previously the seasonal cycle, part of the intraseasonal variability can be poured into inter-annual scales, especially when the spatial and temporal distribution of the data is particularly sparse. As a consequence of this, the MEDAR data show unrealistic large variability in the upper layers.
[12] The Ishii data set is more recent and consists of monthly 1°Â 1°gridded global temperature and salinity fields [Ishii and Kimoto, 2009] ; hence, a monthly seasonal cycle can be subtracted to the data prior to the computation of annual means. The gridded fields span the period 1945-2006 and cover from surface to 700 m. They result from applying an objective analysis to different kinds of in situ ocean temperature and salinity data (e.g., bottle, CTD and ARGO float data); XBT and MBT data are previously submitted to the corresponding time-varying depth bias correction. The Ishii data set also includes an estimation of the errors associated with the interpolation of the temperature and salinity gridded fields. Due to the unrealistic large variability exhibited by the MEDAR data in the upper layers, we decided to use Ishii data for the upper 700 m and MEDAR data for lower levels (where the impact of the seasonal cycle is negligible). The merged database will be hereinafter referred to as the MEDISH database.
[13] In order to compute the steric sea level, the specific volume anomaly (Da) must be first estimated as:
where T is the temperature, S is the Salinity, P the pressure, and r(35,0,P) is the density of a water mass at pressure P, a temperature of 0°C and a salinity of 35 psu. The steric component of sea level (Z S ) can then be computed as the vertical integration of the specific volume anomaly (Da):
Da ⋅ dp ð2Þ
where g is the gravitational acceleration, and P o and P f are the pressure values at surface and at a reference level, respectively. The steric sea level has been computed only for the upper 700 m covered by the Ishii database. There are several reasons for that: first, monthly data are only available for the upper 700 m; second, the Ishii data set provides error estimates for the temperature and salinity gridded products, which can be used to compute the uncertainty associated with the computation of the steric component by following the methodology used by Calafat et al. [2010] . Finally, Tsimplis and Rixen [2002] suggested that salinity measurements at deep layers may not be very reliable and that steric sea level variability in the Mediterranean Sea is driven by changes in the top 400 m. [14] In this paper we compare the long-term sea level variability given by three baroclinic numerical models: an ocean-ice coupled free-surface global model , a regional rigid-lid ocean model [Somot et al., 2006] and a regional atmosphere-ocean coupled free-surface model [Artale et al., 2010] . Those models have been selected because they offer a wide variety of choices in the treatment of open boundary conditions, model spatial resolution and forcings. It is important to highlight that our aim is not to describe processes, but to understand why different simulations perform differently. Therefore, even if the chosen simulations are not the most update products, they are well suited to fulfill our goals. It is worth mentioning that none of the models is eddy-resolving, but eddy-permitting and, thus, they cannot properly resolve the mesoscale. The computation of the sea level is different depending on whether the model uses a free-surface or a rigid-lid formulation. In the free-surface formulation, the sea surface height (h) is obtained as the solution of the prognostic equation:
Model Data
where P-E is the precipitation minus evaporation budget, and D is defined as:
where H is the depth of the ocean bottom and U ! is the depthaverage velocity.
[15] In the rigid-lid formulation, the free surface height is replaced by the pressure against the rigid-lid p S , which is related to the pressure p by
[16] The sea surface height, h, is related to p S by the equality h = p S /r S g, where r S is the sea surface density.
[17] All three models used in this study use the Boussinesq approximation and, thus, they conserve volume rather than mass. As a consequence of this, they yield correct relative horizontal sea surface height gradients, but a spatially uniform time-varying factor must be applied in order to adjust the sea level provided by the models for any net expansion or contraction due to heating or cooling [Greatbatch, 1994] . This factor is simply the steric effect computed from top to bottom and averaged over the whole domain of the model. Also steric sea level has been computed from the temperature and salinity fields provided by the models, following the same methodology than for the hydrographic databases. In order to make the comparisons between the steric from the models and that from the hydrographic observations (see section 2.3) consistent the reference depth was chosen at 700 m.
[18] The characteristics of the three models are presented in the following; for an easier comparison, they have been summarized in Table 1 .
ORCA Simulation
[19] This global hind-cast simulation is based on the eddypermitting ORCA025 configuration , described in detail by DRAKKAR Group [2007] . ORCA025 model is based on a global configuration of the NEMO modeling system in its free surface version [Roullet and Madec, 2000] . The model is implemented on a grid with a spatial resolution of 1/4°Â 1/4°. It uses 46 vertical levels unevenly distributed with a resolution varying from 6 m near the surface to 250 m at the bottom, with partial steps in the lowest level. The specific hindcast experiment used here is the ORCA025-G70 and the period spanned by this simulation is 1958-2004. Hereinafter we will refer to this simulation as the ORCA simulation.
[20] A Laplacian lateral isopycnal diffusion and a biharmonic viscosity are used for tracers (300 m 2 /s at the equator and decreasing poleward, proportionally to the grid size) and momentum (À1.5 Â 10 11 m 4 /s), respectively. For the vertical mixing a modified version of the turbulent kinetic energy (TKE) parameterization for the vertical mixing coefficient that includes the effects of long waves, Langmuir cells and the penetration of TKE in depth are used [Molines et al., 2006] . In case of static instability, vertical diffusion is enhanced up to 10 m 2 /s. [21] ORCA025-G70 was forced by the DRAKKAR Forcing Set No. 3 (DFS3) [Molines et al., 2006; Brodeau et al., 2010] . DFS3 radiation fluxes are based on the Coordinated Ocean-Ice Reference Experiments (CORE) forcing [Large and Yeager, 2004] . Monthly precipitation fields are based on a blend between the uncorrected and standard CORE products, with the blend occurring between 20 and 30°N. Air temperature, wind and air humidity are 6-hourly ERA40-reanalysis fields and ECMWF (2002 ECMWF ( -2004 . The spatial resolution of the atmospheric forcing is 2.5°Â 2.5°. The model bathymetry is derived from the 2-min resolution Etopo2 bathymetry file of NGDC (National Geophysical Data Center).
[22] Initial conditions for temperature and salinity are derived from the NODC World Ocean Atlas (1998, http:// www.cdc.noaa.gov/) for the middle and low latitudes and from the Medatlas climatology [Jourdan et al., 1998 ] for the Mediterranean Sea. Initial conditions for sea ice are based off a previous ORCA025 experiment using climatological CORE forcing [Molines et al., 2006] . A climatological seasonal runoff is provided for the most important rivers and ice-covered regions. A restoring to climatological sea surface salinity (SSS) is used in the ORCA025-G70 run with a timescale of 60 days for the upper two vertical levels. No spin-up is performed in this simulation.
OM8 Simulation
[23] The OPAMED8 baroclinic model used by Somot et al. [2006] is a rigid-lid model that covers the Mediterranean Sea with a spatial resolution of 1/8°Â 1/8°cos (latitude) in the horizontal and 43 non-uniform Z-levels in the vertical. It is based on a limited-area version of the OPA model [Madec et al., 1998 ]. The 40-year simulation will be hereinafter referred to as the OM8 simulation.
[24] The horizontal eddy diffusivity and viscosity coefficients are fixed to À1.2 Â 10 10 m 4 /s for tracers and dynamics by means of a biharmonic operator. A 1.5 turbulent closure scheme is used for the vertical eddy diffusivity and the vertical diffusion is enhanced to 1 m 2 /s in case of unstable stratification [Somot et al., 2006] . The bathymetry is based on the ETOPO5′Â5′ database [Smith and Sandwell, 1997] .
[25] The initial conditions are provided by the MEDATLAS-II monthly climatology for the Mediterranean Sea [MEDAR Group, 2002] and by a seasonal climatology [Reynaud et al., 1998 ] for the Atlantic part of the model. The simulation starts in August and then a 20 years spin-up is performed by forcing the model two times successively by the inter-annual fluxes of the 1960-1970 period. The atmospheric forcing is a high resolution dynamical downscaling of the ERA-40 reanalysis. The downscaling (described by ) was carried out with a regional version of the ARPEGE-Climate model [Déqué and Piedelievre, 1995] that uses a stretched and tilted grid resulting in a horizontal resolution of about 50 km over the Mediterranean Sea. Air-sea fluxes (heat, water and momentum) were extracted from the atmospheric simulation at a daily time scale. A first validation of the air-sea flux data set has been done by for the case study of the 1986-87 winter.
[26] Additional forcings of the OM8 simulation are climatological values (with an annual cycle) for the river runoff, the Black Sea inflow and the Atlantic Ocean characteristics. The latter consist of a 3D relaxation for temperature and salinity applied in a buffer zone extending beyond the western limits of the Iberian Peninsula (11°W). Hence, eventual sea level trends occurring beyond the Atlantic boundary of the domain are not taken into account. The surface heat flux is adjusted to the model sea surface temperature (SST) by a relaxation toward the daily SST used by the regional version of the ARPEGE atmosphere model. The relaxation coefficient is -40 W/(m 2°K ), which is equivalent to an 8-day restoring time. The fact that no SSS relaxation is applied in OM8 means that the inter-annual variability of the SSS is free, which represents a significant improvement compared to state-of-the-art Mediterranean Sea models.
MITgcm Simulation
[27] This simulation has been performed using the regional coupled system PROTHEUS [Artale et al., 2010] for the Mediterranean basin. The PROTHEUS system is composed of the RegCM3 atmospheric regional model and the MITgcm ocean model, coupled through the OASIS3 coupler. Hereinafter, we will refer to this simulation as the MITgcm simulation.
[28] The stand-alone oceanic component has been recently implemented and validated by Sannino et al. [2009] . It is based on the MITgcm developed by Marshall et al. [1997a Marshall et al. [ , 1997b , which is used in its hydrostatic, implicit freesurface, partial step topography formulation. The ocean model has a spatial resolution of 1/8°Â 1/8°and 42 vertical levels with a resolution varying from 10 m at the surface to 300 m in the deeper part of the basin. Horizontal viscous and diffusive terms are modeled with a bi-harmonic formulation with diffusivity and viscosity coefficients equal to 1.5 Â 10 10 m 4 /s. Vertical eddy-diffusivity is modeled via a Laplacian formulation with a diffusivity coefficient ranging from 3.0 Â 10 À5 m s at the surface to 1.0 Â 10 À7 m s at the ocean bottom. The viscous coefficient is kept constant at 1.5 Â 10 À4 m 2 /s over the whole water column. The vertical diffusion is locally enhanced to 1 m 2 /s in regions where the stratification becomes unstable. The bottom topography is interpolated from the 1/12°ETOPO5 database (U.S. National Geophysical Data Centre) with some corrections made for isolated grid points located in correspondence of islands and straits; in particular the Strait of Gibraltar was modified to be represented by two grid points in latitude. The period spanned by the simulation is 1958-2001.
[29] The simulation is initialized with MEDATLAS II [MEDAR Group, 2002] climatology data for January, and then a 40-year spin-up is performed using a 3D relaxation of the temperature and salinity to the climatological values. The two-way exchange through Gibraltar is achieved by means of a box located west of Gibraltar, where a 3D relaxation of the water mass characteristics to a monthly climatology [Levitus, 1982] is applied for the Gulf of Cadiz in the first 30 grid points.
[30] The atmospheric forcing is provided each 6 h by the outputs of the RegCM3 atmospheric model with a spatial resolution of 30 km. The RegCM3 model is initialized and forced in the open boundaries by ERA-40 reanalysis over the whole period. Except for the Atlantic, where no surface forcing is applied, the MITgcm ocean model is forced through the specification of wind stress and heat fluxes computed by RegCM3. In turn, the SST used by the atmospheric model is taken from the ocean part. That is, no relaxation in SST is needed, as far as atmospheric heat fluxes are in balance with the oceanic evolution. Also, no relaxation in SSS is used in this simulation. An interactive river scheme is used to provide the oceanic module with fresh water sources consistent with the atmospheric branch of the simulated hydrological cycle. Natural boundary conditions for salinity have been applied to the ocean module, which means that the net freshwater is treated as a real fresh water flux.
Results
[31] Results are presented in two parts: the first one is devoted to the study of water mass properties. We first look at averaged values of temperature and salinity and their temporal evolution. Then, we focus on dense water formation processes in the regions of the Mediterranean Sea where it is most important, namely: the Gulf of Lions, and the Aegean and Adriatic seas.
[32] The second part focuses on total and steric sea level variability. Total sea level results are presented for two different periods : 1993-2000 and 1961-2000 ; for the first period (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) results are compared against altimetry observations, while for the long period we use the sea level reconstruction of . Steric sea level obtained from models is validated against the steric sea level computed from hydrographic observations. As a particularly relevant case, we have also analyzed the performance of the models in reproducing the sea level changes observed during the EMT period in the Aegean and Ionian Seas. Table 2 , while the temperature and salinity trends obtained from the models and MEDISH are given in Table 3 . Linear trends are computed using an MM-regression estimator [Yohai, 1987] , while standard errors associated to the regression coefficients are computed by means of a robust bootstrap [Salibian-Barrera, 2006] . [34] For the top 100 m and for both the Eastern and Western basins (Figures 1a and 1b ) the observed temperature variability is in good agreement with that from all models. Observations-model correlations are over 0.85 in both subbasins (quoted correlations are always significant at the 95% confidence level, unless otherwise stated). The fact that the averaged temperature from all models shows a very similar inter-annual variability in the upper 100 m is not surprising as all models are run using an atmospheric forcing that is derived from the ERA-40 reanalysis (the atmospheric forcing used to run the MITgcm is provided by the outputs of the RegCM3 atmospheric model, which is initialized and forced in the open boundaries by ERA-40 reanalysis over the whole period). In the case of the OM8 model the atmospheric forcing is a high resolution dynamical downscaling of the ERA-40 reanalysis while in the MITgcm it is provided by the outputs of the RegCM3 atmospheric model, which is initialized and forced in the open boundaries by the ERA-40 reanalysis. The ORCA model is directly forced by the ERA-40 reanalysis. Regarding biases, the MITgcm model shows the largest temperature bias in both the Eastern and the Western subbasins (À0.83°C and À0.50°C, respectively, see Table 2 ). The OM8 is the model that shows the smallest bias in both subbasins (0.12°C and 0.37°C), probably because it is the only model that applies a SST relaxation.
[35] For the layer 100-500 m, the models and the MED-ISH averaged temperature variability are overall in good agreement in both subbasins (Figures 1a and 1b) . The OM8 is the model showing the highest correlations in the Western subbasin (0.91) while the ORCA model is the one showing the highest correlation in the Eastern subbasin (0.84). In terms of bias, the MITgcm is the model that better represents the time-mean temperature, with deviations of only À0.07°C and À0.01°C in the Eastern and Western Mediterranean, respectively (Table 2) . A major feature observed in this layer is the cold period of the Western Mediterranean between 1980 and 1990, which is clearly shown by MEDISH and by the models.
[36] For the layer 500-1000 m the model that better reproduces the major features of the averaged temperature variability in the Eastern Mediterranean (Figure 1a) is the MITgcm, which has a correlation of 0.5 with observations and a bias of 0.18°C (Table 2 ). The other two models do not describe this layer successfully in the Eastern Mediterranean. In particular, although the time-mean temperature simulated by ORCA is in very good agreement with MEDISH (the bias is only of 0.04°C), its variability is by far too smoothed. In the Western Mediterranean both the MITgcm and the OM8 show a very good agreement when compared with MEDISH (Figure 1b) , with correlations of 0.82 and 0.86, respectively. The ORCA model does not show a significant correlation with the MEDISH temperature, again because of the smooth variability. The MITgcm shows the smallest temperature bias (0.23°C), while the OM8 shows the largest one (0.63°C).
[37] For the layer below 1000 m none of the models reproduce the MEDISH temperature variability; the three of them and particularly ORCA show a very smooth behavior (Figures 1a and 1b) . The biases with respect to MEDISH are all smaller than in the upper layers, the smallest one being that of the MITgcm model in both the Eastern and Western basins (À0.02°C and 0.01°C respectively, see Table 2 ). It is interesting to notice that according to observations, the cold period of the Western Mediterranean observed during the 80s in the layers 100-500 m and 500-1000 m is also apparent below 1000 m, though less marked. However, although MITgcm and OM8 succeed to capture the cold period above 1000 m, none of them have a cold signal below that level. The fact that the averaged temperature from the ORCA model shows no inter-annual variability below 500 m is probably related to the low resolution of both the model and the atmospheric forcing. In the Mediterranean, the vertical heat redistribution is modulated by mesoscale processes (e.g., eddies or slope currents meanderings). Moreover, the spatial and temporal resolution of atmospheric fluxes also plays a crucial role in the modelization of dense water formation . Therefore, it is expected that ORCA shows less variability in the vertical heat transfer and thus in the temperature variability in the intermediate and deeper layers. This is further exemplified by the fact that the MITgcm (with same spatial resolution than OM8 but higher resolution of the atmospheric forcing) is the model showing both the largest temperature variability below 1000 m and the highest rates of dense water formation (see section 3.1.2).
[38] With regard to temperature trends, the most remarkable feature is the warming drift shown by all models in the intermediate and deep layers, especially in the Western Mediterranean (Table 3 ). In the layer 500-1000 m all models show large trends of up to 0.0130°C/year in the Western subbasin, while the MEDISH trend is of only 0.0022°C/ year. Below 1000 m only the MITgcm and OM8 models show such a drift (0.0097°C/year and 0.0062°C/year, respectively). This warming trend will be responsible for the unrealistic large sea level trends shown later in this paper.
[39] The agreement between the salinity variability given by the models and by MEDISH is not as good as for the temperature (Figures 1c and 1d ). In the Eastern Mediterranean none of the models show significant correlations with MEDISH at any layer. In the Western Mediterranean, the OM8 model shows a significant correlation of 0.4 in the upper layer, and in the layer 500-1000 the MITgcm and OM8 models show correlations of 0.4 and 0.5, respectively. No significant correlation is found in the other layers. Regarding biases, in the top 100 m, the ORCA model shows much fresher waters than MEDISH and the other two models in both subbasins, with a bias as large as À0.41 psu with respect to MEDISH in the upper layer of the Western Mediterranean (Table 2) . Such large negative salinity biases could indicate that the salinity restoring term might be too weak to compensate for the too weak water loss simulated by ERA40 [Mariotti et al., 2002; Josey, 2003] . It is also worth noting that models show very little inter-annual variability compared to MEDISH, especially the ORCA model.
Dense Water Formation Rates
[40] In order to understand why some models reproduce sea level better than others in the Mediterranean Sea it is important to analyze the driving mechanisms. One of these mechanism is deep water formation, which is responsible for heat and salt vertical exchanges that affect the temperature and salinity of the whole water column and hence sea level. It is reasonable to assume that models that do not show deep water formation in the main formation sites of the basin will not perform well either in reproducing the associated sea level changes. This is particularly true for the EMT years, when an increase/decrease in deep water formation was observed in the Aegean/Adriatic Sea.
[41] Annual formation rates have been estimated for deep and intermediate waters in the Gulf of Lions, the Adriatic and the Aegean Sea following the methodology by Lascaratos [1993] . This methodology consists of first computing the volume of water with potential density greater than a selected value. Then, for every year, the difference between the maximum volume after the winter season and the minimum volume before the winter season is computed and divided by the number of seconds in a year to obtain the formation rate. It is important to note that the characteristics of the water masses may vary between models as they have been shown to have temperature and salinity biases (section 3.1.1) and, thus, using the same value of the potential density for all models would not be adequate as it could lead to wrong conclusions. In order to overcome this problem we used different values of the potential density for each model, basing on the averaged potential density of selected layers. Figure 2 , both for deep waters (Figure 2 , top) and intermediate waters (Figure 2, bottom) . The MITgcm and OM8 models show similar rates of both deep and intermediate water formation in this region, while ORCA shows a very small rate. All models show much higher rates of intermediate than deep water formation. The values of dense water formation rates given by the models (0-0.9 Sv) are in the lower limit of the range reported in the literature, obtained from models or in situ observations (0-2.4 Sv) [Tziperman and Speer, 1994; Castellari et al., 2000; Schroeder et al., 2008] . It is worth mentioning that the fact that the dense water formation rate is computed using monthly averaged model results and not daily could lead to an underestimation of the rates. The inter-annual variability of dense water formation shows peaks in 1963, 1971, 1981 and 1984 , which is in good agreement with the results obtained from the numerical simulations conducted by Castellari et al. [2000] .
[43] Figure 3 shows the dense water formation rates computed in the Aegean Sea. The only model that shows a significant deep water formation is the MITgcm (Figure 3 , top), which displays high values after 1985 reaching a maximum between 1992 and 1993 (above 0.9 Sv) and secondary maxima in 1985 , 1987 , 1989 and 1995 [Lascaratos, 1993; Castellari et al., 2000] , while those from ORCA are weaker. [45] The fact that the ORCA model shows very little dense water formation as compared to the regional models confirms previous findings Béranger et al., 2010] that the spatial resolution of both the model and the atmospheric forcing plays a crucial role in reproducing dense water formation. The differences between the MITgcm and the OM8 model are probably related to the higher resolution of the MITgcm atmospheric forcings and to the fact that the MITgcm uses inter-annual variability for the Black Sea and the river runoff. Also the use of partial bottom cell topography by the MITgcm model helps for a better representation of the dense shelf water cascading, although it is a secondary source of heat in front of open sea convection.
Sea Level Variability and Trends 3.2.1. Sea Level Variability and Trends for the Period 1993-2000
[46] Figure 5 shows the distribution of sea level trends for the period 1993-2000 as obtained from altimetry and the three models. The main features of the distribution of trends obtained from altimetric SLA (Figure 5a ) are well reproduced by the MITgcm (Figure 5b ). Indeed, it shows strong negative trends (up to À13 mm/yr) in the Ionian Sea and marked positive trends in the Levantine basin, reaching a maximum value to the south of Crete (20 mm/yr). The values of the positive trends obtained in the Aegean Sea are similar to those shown by altimetry data; the negative trends of the Ionian Sea are only slightly smaller (À3 mm/yr on average) and cover a wide part of the region, in good agreement with altimetry. The main features of the distribution of sea level trends shown by altimetry are related to the changes in the thermohaline circulation of the basin during the post-EMT period and will be investigated more in detail in section 3.3. The agreement between MITgcm and altimetry is not as good when analyzing smaller structures.
[47] The distribution of sea level trends obtained from the OM8 model (Figure 5c ) shows significant differences with respect to altimetry. The positive trends obtained in the Eastern Mediterranean are slightly smaller than those given by altimetry, but the pattern is different. OM8 does neither reproduce the marked negative trends observed in the Ionian Sea.
[48] The trends obtained from ORCA ( Figure 5d ) are markedly positive over the whole basin. In the Levantine basin they are smaller than those observed with altimetry and have a different pattern. In the Ionian Sea the model gives positive trends, instead of the marked negative trends observed in that region. In the Western Mediterranean the positive trends are stronger than those given by altimetry.
[49] The steric sea level trends estimated from the three models are not presented because they show a spatial pattern very similar to total sea level trends. The differences are that the MITgcm and OM8 models give steric trends that are less negative than total sea level trends in the Ionian Sea and slightly larger in the Aegean Sea. The differences found between the total and steric sea level in the regional models are mainly caused by water mass redistributions within the basin as these models do not account for mass exchanges between the Atlantic and the Mediterranean. Steric sea level trends obtained from ORCA are smaller than for total sea level everywhere in the basin. In this case the differences between the total and steric sea level have also a contribution from the mass exchange with the Atlantic.
[50] The inter-annual variability of Mediterranean mean sea level (averaged over the whole basin) as given by altimetry and the three models has also been examined (Figure 6 ). Total sea level from ORCA shows the highest correlation (0.69) with SLA from altimetry (computed after detrending all time series). No significant correlation is found between SLA from altimetry and that from the other two models; the variability obtained from altimetry observations is clearly larger than that from MITgcm and OM8 (standard deviation from altimetry doubles the standard deviation from models). This result is not surprising as the total sea level from the regional models does not reflect the influence of remote sea level variability (i.e., mass exchanges with the Atlantic), which has been shown to be the dominant contribution to Mediterranean mean sea level at inter-annual scales [Calafat et al., 2010] . The fact that ORCA is the only model that accounts for the mass component explains why it shows the highest correlation with the mean sea level from altimetry. Concerning Mediterranean mean sea level trends, the value obtained from the MITgcm is very similar to that obtained from altimetry (3% larger), while that from OM8 and ORCA are 40% and 70%, respectively, larger than the altimetric one (Table 4) . The temporal sea level variability has also been examined for the Western and Eastern Mediterranean, and the Adriatic, the Aegean and the Ionian Seas separately. In particular, correlation coefficients between the regional-averaged sea level from models and that from altimetry have been computed for these regions (Table 6 ). Again the total sea level from the ORCA model shows the highest correlation with the SLA from altimetry in all regions except in the Aegean Sea. Correlations for the ORCA model are above 0.6 in all regions. The regional models perform really poorly in the Western Mediterranean and the Ionian Sea with correlations below 0.2. In the other regions, the regional models show higher correlations between 0.4 and 0.6. It is worth noting that, in some areas, regional models show larger correlations for regional (sub-basin) sea level than for the basin mean sea level. The reason for this is that, unlike for the mean sea level, local changes due to mass redistributions within the basin can play a relevant role in regional sea level. Spatial correlations have also been computed for the same regions as in Table 6 but no significant correlations have been found for any of the models. This was an expected result as far as the spatial patterns of sea level are strongly modulated by mesoscale [Tsimplis et al., 2008] which is not properly reproduced by the models (i.e., they are eddy-permitting models).
Sea Level Variability and Trends for the Period 1961-2000
[51] The regional distributions of sea level trends for the period 1961-2000 estimated from the reconstruction and the three models are shown in Figure 7 . Sea level trends from the reconstruction are positive all over the basin with values ranging between 0.7 and 1.2 mm/yr in the Western Mediterranean and between 0.5 and 1.7 mm/yr in the Eastern Mediterranean. The largest trends are found in the Ionian Sea where they reach 2 mm/yr and are associated to the EMT (see next section). The distribution estimated from the MITgcm simulation (Figure 7b ) also shows positive trends almost everywhere. The most prominent features are the relative maxima obtained in the Ionian Sea (up to 2 mm/yr), the Western Mediterranean and the Levantine basin, while almost zero trends (about 0.5 mm/yr) are observed in the Aegean Sea. The positive trend found in the Ionian Sea is also given by the OM8 simulation ( Figure 7c ) and corresponds to a maximum in the reconstructed sea level (Figure 7a) , although in the models it covers a smaller area than in the reconstruction and it appears surrounded by other mesoscale structures. In the Adriatic Sea the MITgcm and OM8 models show trends between 0.5 and 1 mm/yr, which are also in good agreement with the reconstructed trends. In the Western Mediterranean the pattern given by the OM8 model (Figure 7c ) is very similar to that of MITgcm (Figure 7b) , with positive trends of up to 2.5 mm/yr. However, the reconstruction presents a rather different pattern there, with trends of less than 1 mm/yr where the models show the strongest trends and trends between 1.1 and 1.4 mm/yr elsewhere (Figure 7a ). The trends obtained from the ORCA simulation (Figure 7d ) are unrealistically large (between 4 and 8 mm/yr) everywhere (note the different color scales in Figure 7 ). It is worth mentioning here that such large trends in ORCA have been reported to be due to an overestimation of the precipitation by CORE forcings [DRAKKAR Group, 2007] . Moreover, the spatial pattern of trends in ORCA does not match the reconstruction patterns.
[52] We have also computed the regional trends (for the period 1961-2000) of steric sea level (integrated from top to 700 m) for the three models (Figure 8 ). Both the MITgcm and OM8 steric distributions (Figures 8a and 8b ) resemble total sea level distributions (Figures 7b and 7c) but with values that are smaller ($0.5 mm/yr smaller). The positive peak in the Ionian Sea is similar to that obtained for total sea level (up to 2 mm/yr), though it is slightly weaker. When the steric sea level from the models is computed by integrating from top to bottom (not shown) the distribution of steric trends is similar to that shown in Figure 8 but with much larger trends (above 3 mm/yr) in the Western Mediterranean. These unrealistic large trends in the Western subbasin seem to be a recurrent problem in all regional simulations, originated by the warming drift in the deepest layers of the subbasin reported above. The steric trends derived from the ORCA model (Figure 8c) do not resemble the corresponding total sea level trends (Figure 7d ), denoting the influence of the mass component on sea level evolution in the ORCA model. The values of the steric trends are smaller than total sea level trends and actually more realistic everywhere in the basin, although it also shows large unrealistic positive trends in the Western Mediterranean due to the warming of the deeper layers.
[53] Concerning the inter-annual variability, correlation coefficients between the regional-averaged sea level from models and that from reconstruction have been computed for different areas for the period 1950-2000 (Table 6 ). The obtained values are smaller that during the altimetric period. Total sea level from the ORCA model shows the highest correlation with the reconstruction in all regions (0.4-0.6) except in the Ionian Sea. The regional models also perform poorly in the Western Mediterranean and the Ionian Sea with non-significant correlations.
[54] The mean sea level averaged over the whole Mediterranean Sea has also been computed for the period 1961-2000. Figure 9a shows the yearly total sea level time series obtained from the reconstruction and the MITgcm and OM8 models. Mean sea level from ORCA is not shown because its large trend (see Table 4 ) requires a change in the scale of Figure 9a that prevents a clear interpretation of the other curves. Conversely, the mean sea level trends obtained from the MITgcm and OM8 models are similar to that obtained from the reconstruction (Table 4 ). In terms of variability (after detrending the time series), the only model showing a significant correlation (0.5) with the reconstruction is ORCA (Table 5) . As for the altimetric period, all models show a smoother variability than the observed (reconstructed) sea level (standard deviation from modeled time series being about half of the standard deviation of the reconstructed time series). As for the altimetric period, the temporal sea level variability has also been examined for the Western and Eastern Mediterranean, and the Adriatic, the Aegean and the Ionian Seas. Correlation coefficients between the regionalaveraged sea level from models and that from the reconstruction are summarized in Table 6 . Total sea level from the ORCA model shows the highest correlation with sea level from the reconstruction in both the Western (0.4) and Eastern [55] The mean steric sea level for the upper 700 m has also been computed from the MEDISH database and the three models (Figure 9b) . Correlations between the steric sea level estimated from MEDISH and from models are significant in all cases, the highest value (0.7) being that of OM8 (Table 5) . However, none of the models reproduce the trend of the steric component of mean sea level obtained from MEDISH data: MITgcm, ORCA and OM8 show positive steric trends (0.6, 1.1 and 0.5 mm/yr, respectively) while the steric trend obtained from MEDISH is negative (À0.4 mm/yr).
The Eastern Mediterranean Transient
[56] The EMT was responsible for one of the most energetic signals in sea level variability in the last decades. Thus, it seems worth investigating if the different models are able to reproduce that signal and trying to elucidate the reason of their performance. Several authors have attempted to reproduce the processes involved in the EMT by means of numerical simulations. Lascaratos et al. [1999] combined a review of hydrological observations and numerical simulations to conclude that the intensity of the atmospheric forcing (both the heat and fresh water fluxes) is a major factor in the formation of dense water in the Aegean Sea. Numerical studies carried out by Stratford and Haines [2002] showed that the role of the wind is secondary to the role of buoyancy forcing and that the cooling occurred during the winters of 1987, 1992 and 1993 can trigger the formation of deep water. Nittis et al. [2003] not only pointed to the very cold winters of 1987, 1992 and 1993 , but also to the dry period 1989-1993 that affected the whole Eastern Mediterranean as the main driving mechanisms, being responsible for 50% and 32%, respectively, of the deep water formed in the Aegean after 1987. The reduced Black Sea Water outflow observed during the same dry period accounted for a 18% of the total formation, while the increase inflow of saline waters from the Levantine Sea after 1992 is recognized as an additional preconditioning factor. Finally, the numerical study of Beuvier et al. [2010] has shown that changes in the circulation in the Eastern Mediterranean could play a role in the preconditioning of the EMT. Also, they concluded that all the preconditioning factors mentioned above increased the salinity in the Aegean but that the key triggering elements of the EMT were the surface heat and water losses which occurred during the severe winters 1991-1992 and 1992-1993. [57] In section 3.1 it has been shown that the MITgcm model is the only one showing deep water formation in the Aegean Sea during the EMT period. For a better assessment of the dense water formation mechanisms, water properties such as temperature, salinity and potential density, have been annually averaged in the Aegean Sea for the period 1961-2000. As in section 3.1, the averages have been computed for the layers 0-100 m, 100-500 m, 500-1000 m and 1000-2000 m (Figure 10 ).
[58] Lascaratos et al. [1999] showed that the waters located at about 1000 m depth in the Cretan Sea increased their density about 0.17 kg/m 3 during the period 1987-1995. The MITgcm model shows a pronounced density increase in the layers 100-500 m (+0.15 kg/m 3 ) and 500-1000 m (+0.07 kg/m 3 ) during that period, with a maximum peak in 1993 (Figure 10c ). The OM8 model also shows a density increase and a peak in 1993 in the layer 100-500 m (+0.1 kg/m 3 ), but they do not reflect in the layer 500-1000 m. The ORCA model only shows a small peak in the density of the layer 100-500 m in 1993.
[59] Observations suggest that the increase in the density was first due to a salinity increase occurred during the period 1987-1992 and, later (1992-1995) , to a decrease in temperature [Lascaratos et al., 1999] . This behavior is reproduced by the MITgcm model, which shows both, a salinity increase throughout the whole water column from 1986 to 1992 and a decrease in the temperature of the top 1000 m during the years 1992-1993. The other two models also show the decrease in temperature, but they do not show any salinity increase for the period 1987-1992. According to the hypothesis of Nittis et al. [2003] , this would explain why the MITgcm model is the only one showing deep water formation in the Aegean Sea, while the other two models only show intermediate water formation in this area. Moreover, the MITgcm model reproduces the increased water formation rates not only during the cold winters of 1987 and 1992-1993 but also during the period in between, characterized by relatively mild winters. This is in good agreement with the results based on observations shown by Theocharis et al. [1999] and with the numerical simulation carried out by Nittis et al. [2003] and should be attributed to the preconditioning of the 1987 winter and to the increased buoyancy loss due to the freshwater anomaly observed during the period 1989-1990. [60] In section 3.2 it has been shown that changes in the thermohaline circulation of the basin during the post-EMT Figure 11 . Monthly regional-averaged total sea level for the period 1961-2000 estimated from the reconstruction (thick black line) and the MITgcm (blue line) and OM8 (thin black line) models averaged over (a) the Aegean Sea and (b) the Ionian Sea. A centered 12-months moving average has been applied to all time series. Both the EMT and post-EMT periods have been highlighted in gray.
period were clearly reflected on regional sea level changes such as the sea level decrease observed in the Ionian Sea and the strong sea level increase observed in the Aegean Sea during the altimetric period 1993-2000 (see Figure 5a) . In order to see if the MITgcm and OM8 models show the same behavior we have averaged the sea level fields given by the two models and the reconstruction over the Aegean Sea and over the Ionian Sea for the period 1961-2000 (Figure 11 ). Again, the time series from ORCA is not shown because its trend is so large as compared to the other time series that the scale of Figure 11 should be expanded. We have also computed the regionally averaged sea level variability from the three models and from altimetric data for the period 1993-2000 (not shown). The correlation coefficients as well as the linear trends obtained for the periods 1993-2000 and 1961-2000 are listed in Tables 6 and 7, respectively. [61] In the Aegean Sea (Figure 11a) , the total sea level from all models is well correlated (between 0.4 and 0.6) with that from the reconstruction for the period 1961-2000. Although, only the regional simulations reproduce the sea level drop during the years 1985-1993 (though the drop is deeper in the reconstruction) and the subsequent rebound after 1993. With regard to trends for the shorter period, all models show large positive values that are similar to the altimetric trends, though the MITgcm trend is the closest one to altimetry (Table 7) . For the period 1961-2000 only the trend from the MITgcm is in good agreement with that from the reconstruction. The trend derived from the ORCA model is unrealistically large (Table 7) .
[62] In the Ionian Sea the situation is rather different. For the period 1961-2000 both the MITgcm and OM8 models show trends that are close to the reconstruction and ORCA shows again unrealistic trends (Table 7) , despite only the MITgcm total sea level is well correlated with the reconstructed sea level (0.6). The MITgcm model reproduces the sea level jump shown by the reconstruction during the major part of the EMT (1987 EMT ( -1992 and the subsequent sea level drop after 1992. These features are not well captured by the other two models; in particular, the only model showing large negative trends for the period 1993-2000 is the MITgcm model, with values that are in good agreement with the altimetric and the reconstructed trends (Table 7) . Again the ORCA model is the one performing poorer in terms of sea level trends, showing an unreliable large positive trend for the period 1961-2000. For the period 1993-2000 ORCA shows a positive trend in opposition to the large negative trend shown by altimetry (Table 7) , although it is the model showing the largest correlation with the observations for that period (Table 6) .
[63] It is important to note that only the regional models are capable of reproducing the main sea level features during the EMT and post-EMT periods in the Ionian and the Aegean. These sea level changes are clearly linked to the changes in the thermohaline circulation occurring during those periods and, thus, reproducing the processes driving such changes is crucial to capture the sea level variability in those regions. It has been recently shown by Herrmann et al. [2009] that there is a strong correlation between dense water formation and the sea level in the Northwestern Mediterranean Sea. We have computed the correlation between the total sea level and the deep water formation rates for the three models in the Aegean Sea. For the MITgcm model we find a correlation of À0.7, while that for the OM8 model is À0.6. No significant correlation is found for the ORCA model. The fact that there is such large correlation between dense water formation and sea level explains why the MITgcm is the model that performs better in reproducing the main features during the EMT and post-EMT periods. The OM8 model, which does not properly reproduce the EMT, is only significantly correlated with the reconstruction in the Aegean. In section 3.1.2 it has been shown that the MITgcm is the model showing the highest rates of deep water formation in both the Aegean and Ionian Seas. This explains why the MITgcm and the OM8 perform better than the ORCA model and indicates that the resolution of both the model and the atmospheric forcing are crucial to reproduce regional sea level, especially in regions affected by intense mesoscale processes. The fact that the MITgcm and the OM8 are not eddy-resolving partly explains why they do not exactly reproduce those processes.
[64] In summary, the only model that shows a density increase below 500 m in the Aegean Sea during the EMT period (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) is the MITgcm. The reason is that only MITgcm reproduces the salinity increase during the period 1987-1992, which was a key process in the evolution of the EMT. Regarding sea level, all models show significant correlations (between 0.4 and 0.6) with both the SLA from altimetry (1993) (1994) (1995) (1996) (1997) (1998) (1999) (2000) and the sea level from the reconstruction in the Aegean although only MITgcm shows significant correlation with observations in the Ionian.
Summary and Discussion
[65] At inter-annual scales, of the three hindcasts analyzed in this work only the Mediterranean mean sea level given by the ORCA model is significantly correlated with altimetry data (for the period [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] and with the sea level reconstruction obtained by (for the period . The sea level variability of the MITgcm and OM8 models is significantly smoother than the observed one. The most likely probable reason is that in the regional models, the water mass exchange between the Atlantic and the Mediterranean is limited by the imposition of a fixed sea level height at the Atlantic boundary, a restriction that does not affect global models such as ORCA. Calafat et al. [2010] have actually shown that the interannual variability of sea level in the Mediterranean is largely dominated by mass changes, which would explain why total sea level from the MITgcm and OM8 models is much smoother than observed sea level.
[66] With respect to mean sea level trends, both the MITgcm and the OM8 models give results that are in good agreement with the reconstruction for the period 1961-2000. However, since regional models do not account for water mass increases/decreases due to remote sources (i.e., water redistribution within the Atlantic Ocean and continental ice melting), modeled and observed trends should only be equal if the trend of the mass component were negligible. Calafat et al. [2010] have shown that this is not the case, as they found that the mass component (estimated in 1.2 mm/yr for the period has been the dominant of Mediterranean mean sea level trends. This indicates the presence of a spurious positive trend in the steric component of sea level computed from the MITgcm and OM8 models. Indeed, while all models give significant correlation with the steric sea level from MEDISH data, the respective steric trends have opposite sign (positive for the models and negative for MEDISH) for the period 1961-2000. The case of ORCA is completely different. The reason why it shows a much larger trend than the reconstruction is a large trend in Atlantic sea level (6.4 mm/yr) that leads to an increase in the net water flux from the Atlantic to the Mediterranean Sea. That Atlantic trend is much larger than the observed trend (1.5-2.0 mm/yr) [Church et al., 2004] . The drift in sea surface height exhibited by the ORCA simulation has been reported to be due to an overestimation of the precipitation by CORE forcings [DRAKKAR Group, 2007] .
[67] The spatial distributions of the total and steric sea level trends within the basin have also been studied. For the altimetric period, the MITgcm model is the only one that successfully reproduces the major spatial features that characterize the altimetry data set during the post-EMT period: marked negative and positive trends in the Ionian Sea and in the Aegean Sea, respectively. Conversely, the MITgcm simulation is unable to capture other features shown by altimetry data. For the whole period 1961-2000, all models show large sea level trends in the Western Mediterranean due to the spurious warming drift in the deeper layers reported above. Another major feature of this period is the positive maximum obtained in the Ionian Sea, shown by the reconstruction and reproduced by the MITgcm and OM8 models. The ORCA model shows large unrealistic regional sea level trends everywhere in the basin.
[68] In order to identify the causes of the differences between observations and the three models, but also among the models themselves, we have also examined the variability of the water mass properties. The analysis has been carried out averaging the values over the Eastern and the Western basins on four different layers: 0-100 m, 100-500 m, 500-1000 m and 1000-2000 m. For the top 1000 m in the Western Mediterranean and the top 500 m in the Eastern Mediterranean, averaged temperatures from all models are well correlated with MEDISH. For the layer 500-1000 m in the Eastern Mediterranean only the averaged temperature from the MITgcm model is significantly correlated with that from MEDISH. At deeper layers models do not show significant correlations with MEDISH. With regard to salinity, regional models only show significant correlations with MEDISH in the upper 100m of the Western Mediterranean. None of the models show significant correlations in the Eastern Mediterranean. However, it is worth mentioning that observations become scarcer at deeper layers (especially for salinity), so that the estimated basin averaged properties may not be representative. The time-mean properties show temperature and salinity biases between observations and models in some layers, although they are rather small in most cases.
[69] As a complementary test, we have also examined deep water formation in the main sites (the Gulf of Lions, the Adriatic and the Aegean Sea). The ORCA model presents very low rates of dense water formation in all regions. In the Gulf of Lions, the OM8 and MITgcm models show similar rates, but they are smaller than those reported in the literature. Most of the dense water formation shown by the models in this region is in the form of intermediate water. In the Adriatic, the OM8 rates are about as half of those of the MITgcm. In this region, both regional models show larger values than those reported in other studies, while the ORCA model shows smaller values. Finally, in the Aegean Sea, only the MITgcm model shows significant deep water formation with maximum values during the EMT period (1987) (1988) (1989) (1990) (1991) (1992) (1993) . This also explains why only this model performs well in reproducing the post-EMT sea level features. The difficulty of the other models to reproduce the EMT event is probably related to the use of climatological values for the Black Sea and river runoff [Beuvier et al., 2010] , although a wrong preconditioning may also limit the dense water formation. In the ORCA model, also the low resolution of the model and of the atmospheric forcing used in the simulation is likely to play a limiting role. Indeed, previous works have shown that a high resolution is crucial for the modeling of dense water formation, to the point that it can increase the formation rates by an order of magnitude. Moreover, it is worth mentioning that an increase in the spatial resolution of the models (i.e., being eddy-resolving) would probably improve the representation of the deep convection processes.
[70] One of the most noticeable features, which is moreover common to all models, is the warming drift shown at intermediate and deep layers. The causes of the drift have been investigated by studying the heat budget of the three models. Under the assumption of incompressibility, the heat balance equation can be written as
where T is the potential temperature, C p is the specific heat at atmospheric pressure, r is the density, v ? is the velocity component perpendicular to the lateral boundaries (of area S) confining the volume V, and HF Surf is the heat flux through the air-sea interface. The term on the left-hand side represents the time change in the heat content of the basin. The second term on the right-hand side accounts for the surface heat sources and the area integral (first term) on the righthand side represents the heat advection in or out of the basin. In practice, this term includes the heat advected trough the Gibraltar and the Dardanelles straits and the heat loss associated with the mass loss/gain through the surface (i.e., due to evaporation/precipitation).
[71] The different components of the time-mean heat budget for the three simulations are summarized in Table 8 .
The time-mean heat flux entering the Mediterranean Sea through the Gibraltar Strait is very similar for the three models: it ranges from 4.2 to 4.5 W/m 2 , with a variability of less than 0.8 W/m 2 . These values are slightly smaller than those reported in the literature, which range from 5 to 7 W/m 2 [Garrett et al., 1993; Macdonald et al., 1994] . For the time-mean surface heat flux we obtain values of À2.7 AE 4.8, 0.0 AE 3.3 and À3.4 AE 3.9 W/m 2 for the MITgcm, ORCA and OM8 models, while those given in the literature are of the order of À7 W/m 2 [Bethoux, 1979; Bunker et al., 1982] . The contribution to the heat budget of the water advected trough the Dardanelles Strait is only considered in ORCA (0.4 W/m 2 ). Also ORCA is the only model which loses heat trough mass loss at surface (À3.2 W/m 2 ) as far as it is the only model which represents the evaporation as a mass loss (i.e., the other models represent evaporation as a virtual salt flux).
[72] The most remarkable result is that all models show an imbalance between surface and lateral heat fluxes. According to equation (6), that imbalance would imply an increase in the heat content of the basin (i.e., a positive drift in the temperature). For the Mediterranean basin, a constant heat excess of 1-1.7 W/m 2 would represent a trend of 5.4-9.2 10 À3°C /yr (0.2-0.3°C in 40 years) for the basin averaged temperature, which is consistent with the observed behavior of the models (Table 8) .
[73] Identifying the ultimate causes of the imbalance is not easy, however. On one hand, the Gibraltar heat exchange is determined by the temperatures of the inflow and the outflow and by the flows themselves. These in turn depend on the density difference between Atlantic and Mediterranean waters Farmer and Armi, 1988] . As all the models are initialized from the same database (MEDAR/MEDATLAS), the characteristics of the inflow/ outflow at Gibraltar are also very similar for all the models (Table 8) . However, the few observational estimates that are available indicate larger values than the modeled ones [Garrett et al., 1993; Macdonald et al., 1994] . On the other hand, surface heat fluxes are difficult to estimate with enough accuracy. Sánchez-Gómez et al. [2011] have analyzed the heat fluxes from an ensemble of atmospheric models and shown large discrepancies among them. In fact, the model spreading is much larger than the estimated value: the ensemble mean value for the net heat flux is À7 AE 21 W/m 2 .
[74] An important point to note is that the Mediterranean system will evolve in the sense of reducing the imbalance in the heat fluxes until a new equilibrium state is reached. With a net heat input into the system (i.e., heat loss through surface lower than heat gain through Gibraltar), the inner temperature will increase. Therefore, the temperature of the outflow would also increase, then increasing the heat outflow through Gibraltar. In consequence, the net heat inflow through Gibraltar would decrease until it balances the surface heat flux. Translating this mechanism to the model simulations, a long enough spin-up should solve the imbalance problem. In order to determine the evolution of the system we have analyzed the time series of the net surface heat flux (Figure 12, top) , the Gibraltar Strait net heat transport (Figure 12 , middle) and the total heat budget (Figure 12, bottom) for the three models. The OM8 and ORCA models show a rapid decrease in the net heat transport across Gibraltar during the first 20 years. This decrease is more pronounced for ORCA, probably because no spin-up is performed in this simulation and, thus, it presents a larger initial imbalance. Conversely, the MITgcm simulation shows Figure 12 . Yearly averaged time series of (top) the net surface heat flux, (middle) the net heat transport at the Gibraltar Strait, and (bottom) the total heat flux (sum of the other two).
Note that values are normalized by the surface of the Mediterranean area to be consistent with the surface flux. A centered 6-years moving average has been applied to all time series. a weaker decrease in the net heat transport probably because it starts from a more stable state as it uses the longest spin-up period among the three models. Results show that this adjustment is mainly achieved by a reduction of both the inflow and outflow volume transports at the Gibraltar Strait and it is partly offset by a decrease in the temperature of the Mediterranean outflow waters (not shown here). A decrease in the heat content of the waters in the upper 300 m is also shown by all models during the first 20 years. Most of the heat entering the basin is transferred to deeper layers, whose waters increase their temperature throughout this period. However, although the imbalance is reduced, the period covered by the models is too short as to reach a new equilibrium state and the total heat flux remains positive during most of the period. Moreover, the last 20 years are characterized by a reduction in surface heat loss, which leads to an even larger imbalance. Summarizing, it seems that a longer spin-up could improve the initial conditions of the models, leading to a situation closer to the equilibrium. However, the time scales required to compensate the imbalance maybe much longer than the simulation period as far as it concerns the adjustment of temperature at intermediate and deep layers.
[75] A way to reduce the required spin-up period could be to use heat flux data sets that were consistent between them or, at least, to apply a correction factor to ensure the balance. The use of MEDAR/MEDATLAS to initialize the models leads to a heat flux at Gibraltar of around 4.5 W/m 2 , while the ERA40 reanalysis (or the dynamical downscalings from it) leads to smaller values (Table 8) . Thus, a simple proposal would be to correct surface heat fluxes in order to ensure that their long-term average matches the heat fluxes trough Gibraltar. Other proposals acting on model parameterizations could also be envisaged. For instance, Bryan [1984] has proposed to modify the vertical mixing parameterization at the deeper layers in order to accelerate convergence.
[76] Finally, it is worth commenting that the three hindcasts analyzed here used different numerical codes and physical parameterizations. However, in the present state of development, those differences seem to be of second order of importance when evaluating the quality of the hindcasts. The model configuration (e.g., spatial resolution or spin up procedure) or the forcings characteristics (i.e., spatial resolution of atmospheric fluxes, inter-annual variability in the rivers runoff) seems to have a larger impact on the model evolution.
Final Remarks
[77] Three hindcasts of the Mediterranean Sea spanning the period 1961-2000 and generated with different baroclinic models have been analyzed paying particular attention to sea level. The models are a global model (ORCA), a regional forced model (OM8) and a regional coupled model (MITgcm). The Mediterranean sea level variability can be decomposed into the contribution of mass variations, which are mainly due to Atlantic sea level variability and dominates at inter-annual scales, and local changes in density, which affect the steric component of sea level and determine the spatial patterns of variability within the basin. Regarding the mass component, it can only be partially modeled by the global model (ORCA), because the two regional models impose a fixed sea level at the Atlantic boundaries. In consequence, the inter-annual sea level variability from ORCA is the only significantly correlated with observations among the three models. However, its long-term trend of the mass component is largely overestimated.
[78] Concerning the steric component, we have analyzed the temporal evolution of temperature and salinity given by the three models. The temperature variability is reasonably good for the upper 1000 m but not below, where the models are smoother than observations. Moreover, at intermediate and deeper layers all models show a spurious warming trend, especially in the Western Mediterranean. That drift is due to an imbalance between surface and lateral heat fluxes. In particular, all models show an average surface heat loss smaller (in absolute value) than the net heat gain through Gibraltar. A consequence of the warming drift is that longterm steric trends are overestimated by all models. The salinity inter-annual variability is not satisfactory at any layer, probably due to wrong surface freshwater fluxes, which are affected by large uncertainties (e.g., limited spatial and temporal coverage of available observations). Water mass properties are also directly related to processes of dense water formation. Dense water formation rates are very different among models. The model generating the largest amount is the MITgcm model, while ORCA rates are very small. The high spatial resolution of the model and of the forcings along with realistic inter-annual variability of freshwater sources would explain the success of the MITgcm model to reproduce dense water formation. In particular, the MITgcm model is the only reproducing the EMT. At subbasin scale the performance of all models is rather poor. Only events with a strong signature in sea surface elevation such as the EMT are reproduced by the models in terms of regional sea level patterns and trends.
[79] From the results shown in this paper, we can conclude that regional high resolution models forced by high resolution atmospheric fields are required to properly reproduce regional sea level variability processes such as the EMT. However, they must also improve the representation of the open boundary conditions in the Atlantic, in order to account for mass exchanges between the Mediterranean basin and the open ocean. Also, the imbalance in the heat forcing must be solved in order to avoid the warming drifts that contaminate the steric contribution to long-term sea level trends. Finally, a reduction of the salinity biases and an improved representation of the salinity variability are also of importance to better reproduce dense water formation and sea level variability processes. Summarizing, recent improvements in Mediterranean Sea modeling are encouraging, but a long way is still required to correctly reproduce the complexity of the Mediterranean Sea climate at regional and local scales. This is a particularly sensitive issue for the projection of regional future climate scenarios and confidence on projections will increase as models skills will be improved.
[80] Acknowledgments. This work has been carried out in the framework of the projects VANIMEDAT-2 (CTM2009-10163-C02-01, funded by the Spanish Marine Science and Technology Program and the E-Plan of the Spanish Government) and ESCENARIOS (funded by the Agencia Estatal de METeorología). F. M. Calafat acknowledges an FPI grant and M. Marcos acknowledges a "Juan de la Cierva" and a "Ramon y Cajal" contracts, all funded by the Spanish Ministry of Science and Innovation. Altimetry data have been provided by AVISO (http://www.aviso. oceanobs.com/). We want to thank S. Somot, B. Barnier and G. Sannino for kindly providing the model data. Finally, the authors would like to thank the three anonymous reviewers for their valuable comments which helped to improve the manuscript.
